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SterolAn endocytosis-like process of protein uptake in the planctomycete Gemmata obscuriglobus is a recently
discovered process unprecedented in the bacterial world. The molecular mechanisms underlying this process
are not yet characterized. A homolog of the MC (membrane-coating) proteins of eukaryotes has been proposed
to be involved in the mechanism of this process, but its relationship to eukaryote proteins is controversial.
However, a number of other proteins of G. obscuriglobus with domains homologous to those involved in
endocytosis in eukaryotes can also be identiﬁed. Here we critically evaluate current bioinformatic knowledge,
and suggest practical experimental steps to overcome the limits of bioinformatics in elucidating the molecular
mechanism of endocytosis in bacteria. This article is part of a Special Issue entitled: Protein trafﬁcking and
secretion in bacteria. Guest Editors: Anastassios Economou and Ross Dalbey.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Protein transport across membranes in bacteria has classically been
considered to involve only secretion of proteins across the cytoplasmic
membrane and in Gram-negative bacteria also the outer cell wall
membrane, during export to the exterior of the cell. Systems such as
Sec translocase and the Type 1–6 secretion systems are known to be
involved [1]. However, protein import, the common feature of much
eukaryote protein transport, involving import of macromolecules from
the external milieu via processes such as clathrin-mediated and
receptor-mediated endocytosis, and vesicles communicating with
complex endomembrane components, has in the past not been observed
in bacteria. Such a process would not be expected to occur in
prokaryotes, since in most members an endomembrane system utilizing
complex membrane trafﬁcking such as that occuring in eukaryotes has
not been found. The last common ancestor of eukaryotes (LECA) has
been proposed to have possessed a complex endomembrane system
[2], but nothing is known of potential precursors of such a system.
Many endocytosis components may have evolved even before the
advent of [3], and components functioning in membrane deformation
may be central [4]. The recent demonstration of endocytosis-like
macromolecule uptake in the planctomycete Gemmata obscuriglobus
[5] is therefore signiﬁcant for our understanding of both the diversity
of bacterial forms of protein utilization and for its potentialin trafﬁcking and secretion in
albey.
ights reserved.implications for evolution of eukaryote types of macromolecule
trafﬁcking into cells.
2. Compartmentalized cell structure of G. obscuriglobus
In order to understand potential mechanisms of protein uptake in
the G. obscuriglobuswe must understand the unique cell structure in
this organism. In vivo cells of G. obscuriglobus viewed by ﬂuorescence
microscopy after membrane and DNA staining are clearly divided
into DNA-containing and DNA-free compartments (Fig. 1A). The cell
plan of G. obscuriglobus includes such compartments as paryphoplasm,
pirellulosome and nuclear body [6–8] (Fig. 1B). One of the compartments
is the nuclear body which contains a condensed nucleoid with the
entire cell DNA, as well as ribosomes [9,10]. The compartments in
G. obscuriglobus are surroundedbymembranes, and, the endomembranes
may potentially have roles unknown in other bacteria, and it is possible
that such membranes form an endomembrane system where trafﬁcking
of molecules might even involve membrane-trafﬁcking systems via
vesicles in analogous ways to those used in eukaryote cells.
Thismodel of compartmentalization based on2Delectronmicroscopy
has been recently challenged [11]. These authors have applied the
method of electron tomography, but did not manage to detect either
the nuclear body or cell wall in this bacterium. Thus, their Gemmata
bacterium has appeared as an organism lacking a wall, consisting of
“periplasm” and “cytoplasm”, the whole cell being surrounded by an
outer membrane alone. However, walls have been isolated from these
bacteria as rigid sacculi resistant to boiling in 10% SDS and consisting
mostly of protein [12]. Critical analysis of that paper is not a goal of this
manuscript, but needless to say the organism in their interpretation of
A B
Fig. 1. A. Confocal laser scanningmicrograph of individual Gemmata obscuriglobus budding cells stained with DAPI and DiOC6. Membranes staining with DiOC6 (green)divide the cell into
compartments, including a major compartment containing DNA stained with DAPI (blue). Bar=1μm. B. Schematic diagram of the cell plan and compartments of Gemmata obscuriglobus,
in relation to the endocytosis-like protein uptake process. External protein (green circles) is taken up only into the paryphoplasm (yellow) compartment, which runs around the outside of
the cell but also invaginates into the cell interior at some positions. This protein enters the cell via vesicleswhichbud from theplasmamembrane (blue) near the cellwall (purple), and can
also be found in the paryphoplasm away from the cytoplasmic membrane.
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without a rigidwall it would be expected to lyse in hypotonic freshwater.
Therefore, here we illustrate the classical view on the compartments of
G. obscuriglobus, a view supported at least by TEM of thin sections, serial
sectioning and freeze-fracture replicas [9,10] and by ﬂuorescence
microscopy of whole cells [9,13].3. Endocytosis-like protein uptake in the planctomycete bacterium
G. obscuriglobus
Protein uptake by cells of G. obscuriglobus and other strains within
the Gemmata clade can be demonstrated by the use of the ﬂuorescent
protein GFP (Fig. 2) and Cy-ﬂuorescent dye-labeled proteins such asig. 2. Confocal laser scanning micrograph of individual G. obscuriglobus cells which had
een incubated with green ﬂuorescent protein (GFP). Green ﬂuorescence representing
FP is seen inside cells but only in outer regions of the cell. Bar=2 μm.F
b
GCy3-streptavidin [5]. The process of protein uptake is energy-dependent
(azide and low-temperature-inhibited) and receptor-dependent since it
is saturable with an increase in protein concentration and subject to
competition between different proteins. Proteins such as GFP appear to
enter only the paryphoplasm compartment of the cell, as determined
by ﬂuorescence (Fig. 2) and immunogold TEM of sectioned cells. Though
the space between themembranes of the nuclear envelope is continuous
with paryphoplasm, GFP appears excluded from that space. Small
(ca. 50nm) vesicles appear to be associatedwith the GFP taken upwithin
the paryphoplasm, and appear to originate from infolding of the plasma
membrane. It may be that as suggested for yeast and plant endocytosis
vesicles [14] the small size of these vesicles might result from the
presence of a rigid wall and associated turgor. There is evidence from
the location of DQ-BSA taken up by the same process that protein
degradation can occur somewhere within the paryphoplasm [5,15],
suggesting that some paryphoplasm vesicles might be analogous to
eukaryotic lysosomes.4. MC protein homologs in planctomycetes and their potential
involvement in vesicle formation
Membrane trafﬁcking in eukaryotic cells involves formation of
vesicles, and several classes of relatedmembrane-coating (MC) proteins
are found to be associated with this process. These include clathrin
heavy and light chains associated with receptor-mediated endocytosis,
and the COPI and COPII proteins, all of which can form various cage-
like structures around vesicles. The MC family is also thought to include
some nuclear pore proteins. The MC proteins have been thought to be
eukaryote-speciﬁc features, but a bioinformatic survey based on the
distribution of structure rather than primary sequence alone has
found that many bacterial species in the so-called PVC superphylum
(consisting of phyla Planctomycetes, Verrucomicrobia and Chlamydiae
as well as phylum Lentisphaerae) also possess representatives of the
MC protein family as judged by protein architecture [16]. These all
display structural features characteristic of the MC family—at the
amino terminus a series of β-strands organized into blades making up
a beta-propeller followed by a series of α-helices at the carboxy
terminal end making up an alpha–solenoid or SPAH (Stacked Pairs of
Alpha Helices) domain [16]. It is the combination of the β-propeller
with the α-solenoid which is signiﬁcant for MC structural homology
rather than the mere occurrence of each domain. The MC protein
homologs of this type are quite rare within the Bacteria, occurring
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also in the phylum Bacteroidetes such as Dyadobacter. Within the PVC
superphylum, it is only so far in Planctomycetes, Verrucomicrobia and
Lentisphaerae where the homologs have been detected, and not in
Chlamydiae or the uncultured phylum OP3. Within the planctomycetes
they have not been detected in the anaerobic ammonium-oxidizing
anammox planctomycete “Candidatus Kuenenia stuttgartiensis”, and
within phylum Verrucomicrobia also not all genera possess them
[16]. Considering the known roles for MC proteins of eukaryotes in
endomembrane trafﬁcking [17], it is remarkable that in G. obscuriglobus
antibodies to the G. obscuriglobus MC protein homolog gp4978 have
been used to show that the homolog is associated with vesicles in
whole cells [16], and with the particular membrane fraction of lysed
Gemmata cells associated with GFP incorporated via the endocytosis-
like process in that species [5].5. Controversy regarding the nature of theMC proteins found in PVC
organisms—are there really grounds for homology?
The homologs of MC proteins found in PVC superphylum members
including the endocytosis-active Gemmata have tertiary structural
properties compatible with potential assembly of cage structures as in
MC proteins of eukaryotes [16]. However, the hypothesis of homology
of these proteins with eukaryote MC proteins has been challenged on
several grounds [18].
Firstly, these proteins have actually been annotated “membrane-
bound dehydrogenase” (after their N-terminal domains) or as “heme-
binding protein” (after their C-terminal domains), or these domains
have been identiﬁed even in cases where the protein has still been
left as a hypothetical protein in annotation. Both the N-terminal and
C-terminal domains of these bacterial proteins are speciﬁc for members
of the PVC superphylum and members of phylum Bacteroidetes such as
Dyadobacter. However, the middle domains of these bacterial proteins
contain several HEAT repeats, short (40 aa) α-helical repeats. It is
these repeats which may give rise to apparent similarity to the group
of alpha-helices characteristic of clathrin heavy chain repeat regions,
but there may be other types of organized alpha-helices which might
also resemble the CLH repeats, and the detailed structural analysis of
the different types of repeats seems to reveal important differences
(though these are not spelled out in detail in [18] and attribution of
deﬁnite homology to clathrin-like MC proteins is therefore difﬁcult to
justify. It must be admitted here though that it was the combination of
alpha-solenoid with beta-propeller in a speciﬁc order that Santarella-
Mellwig et al. [16] detected as signiﬁcant, not just the alpha-solenoid
or SPAH (which has been noted elsewhere and is hard to identify
unequivocally [19]). McInerney et al. [18] claim that except for one
G. obscuriglobus sequence gp4978, the sequences studied did not exist
in the database, and that Santarella-Mellwig et al. used only truncated
sequences (however all the sequences described do exist in databases
within IMG genome databases at JGI, as described by Santarella-
Mellwig et al., and can even still be found at NCBI even though they
are listed as withdrawn).
Secondly, the middle domains of the homologs are considered to
contain HEAT alpha-helical repeats, and it has been claimed that these
are quite distinct in structure from the clathrin-type CLH alpha-helical
repeats, or at least the type of repeats occurring in other protocoatomer
MC proteins such as nucleoporin Nic96 [20] and that this rules out any
genuine homology of these proteins with clathrins [18]. However, it
has also been pointed out that eukaryotic MC proteins as a wide family
including clathrins, COPI and COPII and homologous nucleoporins do
not conform only to the exact clathrin repeat structure [21], and thus
the MC-like proteins detected to occur in planctomyctes are no more
dissimilar from clathrins than other members of the wider MC family
with which they nevertheless share the beta-propeller–alpha-solenoid
tertiary structure framework.This controversy at present perhaps brings us no closer to resolution
of the question of whether a homolog of a eukaryote clathrin-like protein
forms the basis for what appears to be a receptor-mediated and vesicle-
mediated protein uptake in G. obscuriglobus. And there appears presently
no explanation for how proteins seemingly retaining dehydrogenase and
heme-binding domains (according to some domain-detection algorithms
at least), and apparently occurring within a membrane, would form the
basis for the formation of clathrin cage-stabilizing vesicles transporting
protein cargo. It is conceivable that similarities of such proteins in
an underlying structure with clathrins and MC proteins capable of
assembling to cage-like structures would indeed allow an endocytotic
function to evolve, and that later the unrelated metabolic functions and
sites were lost in, for example, a duplicated gene. The evolutionary
process would then have been one of exaptation, analogous to the
case of vertebrate eye lens crystallins which belong to an alcohol
dehydrogenase family [22] and might still retain some enzyme activity,
or the type III secretion system evolution from ﬂagella in bacteria [23].
The planctomycetesmay have effectively captured or retained a snapshot
of an early stage in this molecular exaptation process of gene function
evolution in relation to endocytosis mechanisms.
The controversy and even doubt surrounding the putativeMC protein
homologs of PVC bacteria could be resolved by several approaches. One,
the experimental for instance, is via testing effects of known inhibitors
of eukaryote endocytosis [24,25]. The second approach is to examine
the proteomes of PVC bacteria especially planctomycetes for proteins
homologous to established proteins of eukaryotes functioning as part of
the clathrin-dependent endocytosis and vesicle trafﬁcking systems in
those organisms.
6. Non-clathrin components potentially associatedwithMC protein-
mediated endocytosis in G. obscuriglobus
Clathrin-mediated endocytosis is a process of uptake of material by
cells from the external milieu (for a review see McMahon and Boucrot,
2011 [14]). This process is versatile in eukaryotes and utilizes multiple
components. Within bacteria, only cells of the planctomycete G.
obscuriglobus are capable of an endocytosis-like process [5]. The
mechanism of this process is obscure, but it has been suggested that a
receptor is involved in substrate recognition [5]. Bioinformatic studies
and immunogold labeling have suggested that MC-like (membrane
coating protein) in the planctomycete G. obscuriglobusmay be involved
in the endocytosis [5,16]. As the mechanism of clathrin-mediated
endocytosis is very complex [26], it is expected that more
endocytosis-relevant proteins should exist in this bacterium. By the
reason of poor homology between sequences of eukaryotes and
planctomycetes, it is unlikely that we will ﬁnd strong homologs of the
proteins involved in this process in the genome of planctomycetes.
However, the endocytosis-relevant proteins may contain certain
domains which are necessary to perform vesicle formation [19]. In
contrast to the secondary structures, these domains can be identiﬁed
by primary sequence homology. The similarities in the primary
sequence may indicate that the domains are evolutionarily conserved,
and had appeared before separation of the domains Bacteria and
Eucarya (that is, the nuclear lineage of eukaryotes). Thus, it is of special
interest whether G. obscuriglobus have at least some of the domains
necessary for building components for clathrin-mediated endocytosis.
Below we show results of our search for annotated regions for some
major domains which are present in “endocytosis-relevant” proteins
of eukaryotes. It is important to note that the full genome for G.
obscuriglobus is not yet completely sequenced or annotated, and for
the search for potential endocytotic components we have also included
genomes of other planctomycetes which are quite close relatives to
G. obscuriglobus.
As the clathrin-mediated endocytosis in eukaryotes has been broken
into several major steps [14] each of the steps are served by its own
machinery. Among these major steps are 1) nucleation, or the pit
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scission, and, 5) uncoating and clathrin component recycling.6.1. Nucleation
A pit initiation step requires proteins containing BAR domains, such
as amphiphysin and SNX9. The Bin/Amphiphysin/Rvs (BAR) domain is
annotated in the NCBI database within a probable multidrug efﬂux
pumpHlyD family protein of G. obscuriglobus (see Table 1). This protein
could be a good target for further studies to examine its possible role in
membrane bending and recruiting of other components such asMC-like
protein and dynamin for formations of coated pits [19].6.2. Cargo selection
In eukaryotes the heterotetrameric adaptor complexAP2 is central for
clathrin-coated vesicle formation and cargo selection. We could not
identify direct homologs for AP2 protein complex in planctomycetes.
However, G. obscuriglobus may select cargo in an entirely different way,
as there was no speciﬁcity found in uptake of proteins by this bacterium.
In addition, several simple unicellular eukaryotes do not possess cargo-
speciﬁc adaptor proteins of this class or they are not essential [14], so
these adaptors do not seem to be necessary for initial evolution of a
form of endocytosis. A wide variety of different proteins – e.g. GFP, BSA,
and immunoglobulins – can be taken up by Gemmata. This suggests not
only existence of one receptor, but also a more simple way for the
whole process of pit formation, including a reduced number of accessory
proteins. It would not be a surprise if the AP2 adaptor complex is not
present in endocytosis-active G. obscuriglobus at all.6.3. Clathrin coat assembly
In eukaryotes clathrin exists in the cytosol in the form of triskelia
[27]. AP2 and accessory adaptor proteins recruit clathrin triskelia to the
plasma membrane. A clathrin-like (MC-like protein) has been found in
G. obscuriglobus bioinformatically [16] and its localization to membranes
was established [5,16]. We discussed above the progress in study of the
MC-like protein and some controversies surrounding this discovery.
Independent of this controversy, a region homologous to one reported
to be characteristic for both clathrin and Vps endocytosis-associated
proteins of eukaryotes has been annotated as a hypothetical protein
YP_007204918of the planctomycete Singulisphaera acidiphilaDSM18658.Table 1
Protein domains found in G. obscuriglobus, which are relevant to clathrin-mediated endocytosi
Domain Organism Protein name
Bin/amphiphysin/Rvs (BAR) G. obscuriglobus Probable multidrug efﬂux pump, HlyD
family protein
Dynamin Planctomycetes Dynamin-family protein; putative membran
proteins; hypothetical proteins; small
GTP-binding protein domain; thiamin
biosynthesis protein; etc.
SH3-domain proteins G. obscuriglobus SH3, type3; Hypothetical proteins
HSC70 G. obscuriglobus Heat shock protein 70, and many other HSP
family-containing proteins
Phosphatidylinositol-
3,4,5-trisphosphate
3- phosphatase and dual
speciﬁcity protein
phosphatase (PTEN)
Planctomyces
brasiliensis
Hypothetical protein Plabr_18536.4. Vesicle scission
This process depends on dynamin, the BAR and SH3-containing
proteins [14]. The dynamin superfamily includes many bacterial
homologs, and the dynamin mechanism in membrane deformation
which in eukaryotes results in scission of the clathrin-coated endocytotic
vesicle is thought to be conserved in all these members [28,29], but a
nucleotide-independent form of membrane fusion has been observed
also [30]. More than 30 dynamin-domain containing proteins can be
found in planctomycetes (see Table 1 for details). A protein with this
domain is not yet annotated for G. obscuriglobus, but we predict that
after the completion of the genome sequence it will be found in this
organism as well. The BAR domain-containing protein is also present
in G. obscuriglobus, as well as proteins with the SRC Homology 3
Domain, which mediates assembly of protein complexes, a domain also
widespread among other bacteria.
6.5. Uncoating and clathrin component recycling
Upon detachment from the membrane, clathrin disassembles with
the support of ATPase heat shock cognate 70 (HSC70) and the PTEN-
domain protein auxilin [31,32]. A number of homologs for HSP70
can be found in G. obscuriglobus. Although using the genome annotation
publicly available via NCBI we found a PTEN-containing domain
protein only in Planctomyces brasiliensis, we predict its existence in
G. obscuriglobus, which might be observable upon completion of its
genome or upon applying alternative annotation software (see Table 1).
7. Later vesicle recognition and membrane trafﬁcking transport
processes in endocytotic system
A variety of RabGTPases are important in vesicle recognition and
fusion processes in endosome membrane trafﬁcking pathways during
endocytosis [33]. Small GTPases are known to occur in bacteria and
are important in considering the evolution of eukaryote GTPases [34]
and G. obscuriglobus has for example the 331 amino acid GTP-binding
(WP_010037451.1) and a hypothetical protein (WP_010050052),
both with an annotated Ras-like GTPase domain. It is also of relevance
to potential roles of small GTPases in planctomycetes and their possible
homology to eukaryote RabGTPases that Rhodopirellula baltica SH1 has
an annotated Rab-GDP dissociation inhibitor protein (NP_864558)
homologous only to eukaryote proteins.
The SNARE-associated domain proteins are important in vesicle
trafﬁcking during endocytosis, and representatives of such SNARE
domain-containing proteins are widely present in certain phyla ofs.
NCBI accession Probable function
WP_010048673 A dimerization module, a
number of BAR-domain
proteins are involved in
clathrin-mediated endocytosis
e YP_003369997; ADB16137;
WP_012910400; CAJ72471;
YP_004180375; WP_007223120;
WP_007220797; ADV63826; GAB61679;
GAB64037; etc.
Vesicle scission
WP_010042431; WP_010046506;
WP_010036932; WP_010038293
Assembly of protein complexes
70 WP_010044127 Involved in uncoating of clathrin
cages
YP_004269485 This domain is present in
auxilin,
which is involved in the
uncoating of clathrin cages
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such proteins including those annotated only as SNARE-associated
proteins. It is of interest that if a protein (XP_654786) containing a
SNARE-associated Golgi domain from the protist Entamoeba histolytica
is used as a query in BLASTP, then the best expected value among
bacterial proteins is found for a series of SNARE-associated proteins
from species in genus Rhodopirellula (e.g. expect value of 9e−24 and 28%
identities forR. europeaWP_008657479annotated as “membraneprotein
containing SNARE domain”), and these are embedded within hits for
eukaryotes rather than within hits for proteins from other bacteria.
Phylogenetic analysis conﬁrms the homology of such planctomycete
proteins to eukaryote membrane proteins, in a distinct clade containing
proteins from plant and algal species, some of which are also annotated
as containing SNARE domains (Fig. 3). This clade is also related to one
dominated by cyanobacterial species, and it is conceivable that we are
seeing an early lateral gene transfer between algae and planctomycetes
reﬂecting an aquatic habitat and early chloroplast symbionts of ancient
eukaryotes. As would be expected, at least some annotated SNARE-
associated proteins from planctomycetes (e.g. ADY60982.1 fromFig. 3. Phylogenetic tree of proteins including SNARE domain proteins derived from an alignm
associated Golgi protein [Entamoeba histolytica HM-3: IMSS accession EMS17520). There is a
eukaryotic algae Ostreococcus, related to one formed by bacteria including mostly cyanobacte
plant sequences in that clade also include some annotated asmembrane proteins in the TVP38/T
Seaview [45]. Bootstrap conﬁdence values are given on nodes.P. brasiliensis, ADB16252.1 from Pirellula staleyi) also display possible
coiled-coil regions using programs such as COILS (at least with the 14
residue window).
Regarding potential homologs of endosome-speciﬁc proteins of
eukarytes and roles for phosphotidyinositols in vesicle transport,
there is also a protein (NP_863777) in R. baltica SH-1 annotated as
an endosomal protein whichmay be homologous to a human protein
associated with targeting protein to membrane lipids via interaction
with phosphatidylinositol-3-phosphate, but the crucial zinc ﬁnger
YTVE sequence for this site is not present.
Regarding potential homologs to eukaryotic lysosome-associated
proteins, hypothetical protein PM8797T_03439 of Planctomyces
maris DSM 8797 has an annotated lysosome-associated membrane
glycoprotein (LAMP) domain as well as a ribonuclease Y domain.
Summarizing our scan of the planctomycete annotated genome (and
deduced proteome) database, the presence of a number of protein
domains in annotated proteins of planctomycetes which have been
correlated with functions in clathrin-dependent endocytosis in
eukaryotes does suggest that at least some of the elements needed forRhodopirellula clade 
Eukaryote
plants and algae
Cyanobacteria clade
ent of proteins resulting from a BLASTP search with a sequence for Entamoeba SNARE-
clade formed by Rhodopirellula species within a signiﬁcant clade formed by plants and a
ria. Both plant and cyanobacterial sequences include those with SNARE domains, but the
MEM64 familywithout annotated SNARE domains. Treewas generated using BioNJwithin
1 2 3 4 5
Cargo binding 
to receptor
Coat assembly Scission UncoatingMembrane 
invagination
cargo
receptor
CW
CM 
MC-like protein
CW – cell wall
CM – cytoplasmic membrane
BAR-domain protein
Dynamin
HSC70
Fig. 4. Schematic diagram of the hypothetical mechanism of endocytosis-like protein uptake in Gemmata obscuriglobus incorporating proteins with functional domains for which there is
some bioinformatic evidence. Cargo protein passing through protein-permeable regions of the cell wall is bound by non-speciﬁc receptors on the plasma membrane and the membrane
starts to curvewith the help ofMC-like proteins and BAR domain proteins. MC-like proteins assemble to form a cage-like structure around the vesicle and dynamin domain proteins assist
the scission of the vesicle from plasma membrane. HSC70 proteins assist uncoating of the early endosome. Additional SNARE-domain membrane proteins may be involved in vesicle
recognition.
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present. For considering the potential relevance of these analyses, it is
not necessary that all the proteins shown in Table 1 are directly
involved in different steps of endocytosis, or that such assembly of
proteinswith only these domainswould be sufﬁcient for an endocytotic
mechanism. Many domain components necessary for the evolution of
proteins acting in classical eukaryote endocytosis could be found in
planctomycetes, and it is even conceivable that they act in the
mechanism for the similar process found in at least one planctomycete
species. With development of genetic systems for planctomycetes
[35,36], experiments testing the hypothesis of the relevance to protein
uptake should be performable. These could be done by using a GFP-
fusion protein approach for the localization of these proteins in the
paryphoplasm of G. obscuriglobus where they would be expected to
co-locate along with MC proteins. In any case, this analysis could
facilitate the further search for the missing links and experimental test
of mechanisms. Summarizing the bioinformatic data presented here
we depict a hypothetical model for the mechanism of endocytosis in
G. obscuriglobus, employing the potential proteins from Table 1 (Fig. 4).8. Other implications of Gemmata cell biology for endocytosis—e.g.
membrane sterols
A characteristic of eukaryote membranes is their sterol lipid
component, a lipid found in bacteria only in isolated phyla [37].
G. obscuriglobus has been found to synthesize the simple sterols
lanosterol and parkeol, and has been proposed to possess the simplest
pathway known for sterol synthesis [38]. Lanosterol is an intermediate
in the synthesis of compounds such as ergosterol and cholesterol by
eukaryotes, but Gemmata strains stop at the lanosterol stage. In
Gemmata, parkeol is actually produced in even higher amounts relative
to lanosterol, a unique synthetic distribution for any organism. There
appears to be both a putative squalene monooxygenase and an
oxidosqualene cyclase, a minimum needed for lanosterol and parkeol
synthesis, but the WPV motif in the oxidosqualene cyclase indicates a
nondiscriminate enzyme similar to those observed in some laboratory
mutations of plant cycloartenol synthase studied in yeast [39]. There is
some evidence that the enzymes may have homology with those of
eukaryotes [38,40] but they are not related closely to any contemporary
group of eukaryotes, and this suggests that if lateral gene transfer fromeukaryotes is to account for sterol synthesis genes in bacteria, then the
transfer must have been quite ancient [41,42]. Sterols may enable
membrane deformation more readily than other lipid components, and
so sterol synthesis may be relevant to the ability of planctomycetes to
form compartments via internalmembranes and to formendomembrane
vesicles central to endocytosis [40]. Sterols may also have assisted
compartment and vesicle formation by enabling greater membrane
deformation ability [43]. If sterols are important for endocytosis there
may be a need for the regulation of sterol synthesis by homologs or
analogs of the sterol regulatory element binding proteins of eukaryotes
[44]9. Conclusions
Protein uptake in the planctomycete G. obscuriglobus challenges our
perspectives on bacterial cell biology and its limits, suggesting that
there may be analogous if not homologous processes in bacteria and
eukaryotes. There are indications that the mechanism of such
endocytosis-like phenomena resembles a simple form of the eukaryotic
endocytosis mechanism, especially that of the clathrin dependent
receptor mediated endocytosis. The proteomes of planctomycetes
including G. obscuriglobus indicate the potential occurrence of a wide
spectrum of accessory proteins beyond possible membrane-coating
clathrin-like proteins, and consistent with the concept of a vesicle
transport-based endocytosis of external protein cargo in a bacterium.
Further experimentation and further analysis are needed to conﬁrm
such suggestions.References
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